ABSTRACT The attitude stabilization of flexible spacecraft is significantly affected by environmental disturbances, elastic vibration of flexible appendages, and model uncertainties. These disturbances and uncertainties can be accurately estimated by the extended disturbance observer (EDO). However, the EDO is sensitive to measurement noise when high-order and large bandwidth are chosen. Thus, the output of the EDO will contain too much high-frequency noise which can degrade the attitude stability of the spacecraft and cause heavier chattering of the actuators. In order to suppress the effect of measurement noise, a noise reduction EDO (NREDO) is proposed in this paper. First, a dynamical model of disturbance is reconstructed by augmenting the integral of the virtual measurement of the lumped disturbance as a new state. Second, the NREDO is designed by utilizing the estimation error of the augmented state to update the observer estimates. Thereafter, the disturbance estimation accuracy is analyzed for the EDO and NREDO in the frequency domain in the presence of measurement noises. Finally, the simulations are conducted to verify the effectiveness of the proposed controller. The theoretical analysis and simulation results demonstrated that the NREDO can not only effectively suppress the effect of measurement noise, but also inherit the advantages of the EDO in avoiding redundant estimation of the system states and dealing with the nonlinear item of the spacecraft model. Improved attitude control performance can be achieved under the proposed NREDO-based controller.
I. INTRODUCTION
High precision and high stability spacecraft attitude stabilization is an important basis of various aerospace missions. However, spacecraft attitude system is inevitably affected by complex internal and external disturbances, such as unknown environment disturbances, platform vibrations, elastic vibration of flexible appendages, and spacecraft/actuator uncertainties. These may cause severe degradation of the attitude control performance and even affect the stability of the system. Therefore, disturbance attenuation has been a key topic for spacecraft attitude control.
Disturbance/uncertainty estimation and attenuation (DUEA) technique has been one of the effective methods in the field of anti-disturbance control [1] - [4] , and it is a promising technique for high precision attitude control of the spacecraft [5] - [8] . In the concept of DUEA, the The associate editor coordinating the review of this manuscript and approving it for publication was Xiaowei Zhao. disturbances and uncertainties are estimated by a disturbance estimator and then compensated via feedforward. Until now, many estimators have been proposed and studied, such as extended state observer (ESO), proportional integral observer (PIO) and disturbance observer (DO), etc. Generally, PIO and ESO are full-order observers which estimate both states and disturbances of the system. In contrast, the disturbance estimation dynamics of DO is independent of state estimation dynamics. It can be conveniently applied to the applications where system states are measurable (e.g. spacecraft attitude control system) [1] , [9] .
The control performance of disturbance observer based control (DOBC) scheme highly depends on the disturbance estimation accuracy of DO [10] - [12] . Thus, high performance DO design has been an important focus. DO was originally designed for linear systems in frequency domain [13] , then in time domain [14] , [15] . Afterwards, it was further extended to nonlinear systems [16] . In recent years, great efforts have been made to improve the estimation performance for complicated disturbances, especially for high-order disturbances. For example, sliding mode disturbance observer (SMDO) can reduce the dependence of disturbance estimation accuracy on the disturbance model [17] , [18] . However, the chattering phenomenon of SMDO may cause complex noise problems.
Alternatively, extended disturbance observer (EDO) can offer accurate estimate of high-order disturbance by using a time series expansion (or polynomial) to approximate the unknown disturbances [19] - [22] . EDO has been conveniently applied to different plants, such as hypersonic vehicles [23] , [24] , power systems [25] , hybrid active-passive heave compensators [26] , hydraulic presses [27] , and spacecrafts [28] . It has been proved that the estimation accuracy of EDO can be guaranteed by selecting a bandwidth far larger than the frequency content of the disturbance [20] , [28] . However, measurement noise inevitably exists in the measured spacecraft attitude information. High order and large bandwidth chosen by EDO will cause measurement noise amplification which may deteriorate the disturbance estimation performance to a great extent and then affect the control performance of the closed-loop system. Besides, the service life of the actuators may be decreased due to the chattering motion caused by the measurement noise from EDO. Nevertheless, it should be noticed that the noise problem is not fully considered in the EDO applications in literatures abovementioned. And there still lacks explicit theoretical investigation with respect to the effect of measurement noise on the performance of EDO.
Some attempts have been made in the modification of observer structure for noise suppression. For conventional frequency domain DO, another controller is added to compensate the feedback of system output for the suppression of high frequency measurement noise [29] , [30] . It is effective in solving noise problem. However, they are based on the classical DO technique in frequency domain, which needs the inverse of the plant model and is not directly applicable to nonlinear systems. For classical high-order observer, adopting a switched or adaptive gain matrix is a typical solution for this problem [31] - [34] . It obviously increases the complexity of observer in practical applications. Adding an additional integral state of the measurement output for generalized proportional integral observer (GPIO) or generalized extended state observer (GESO) to improve the observer robustness is an alternative method [35] , [36] . However, there are problems when designing a GPIO or GESO for the spacecraft attitude control system because the nonlinear gyroscopic torque of the spacecraft dynamics does not satisfy global Lipschitz condition [17] . Besides, since the velocity information can be derived by the attitude determination system of the spacecraft, the estimate of velocity information by observer is not necessary in practice [9] .
Thereby, considering the advantages of EDO that can avoid redundant estimation of the system states and deal with the nonlinear item of the spacecraft model [28] , an improved EDO with better measurement noise reduction ability is still worthy of further study.
In this paper, we explore the modification of the conventional EDO for better noise reduction performance in the application of spacecraft attitude stabilization. First, the dynamical model of disturbance is reconstructed in state space by augmenting the integral of the virtual measurement of the lumped disturbance as a new state. For the augmented dynamical system, the NREDO is designed by using the estimation error of the augmented state to update the observer estimates. Consequently, the augmented state offers an additional degree of freedom which allows NREDO to suppress the measurement noise even when high order or large bandwidth is selected. Besides, owing to the integral structure, the differential of the measured angular velocity of spacecraft can be avoided in NREDO without auxiliary variable substitution. Then, we analyze the estimation accuracy of EDO and NREDO of different orders in frequency domain. It is demonstrated that NREDO shows better performance in noise suppression than conventional EDO. Furthermore, simulation results of the NREDO based control scheme for a spacecraft demonstrate the effectiveness of the proposed method on achieving high stability spacecraft attitude stabilization.
The rest of this paper is organized as follows: In Section II, attitude dynamics of spacecraft is given and the problem of the paper is formulated. In Section III, the conventional GESO, GPIO, and EDO are reviewed. Then, a noise reduction EDO is presented in Section IV. In Section V, disturbance estimation accuracy is analyzed for EDO and NREDO in frequency domain. Simulation results of EDO and NREDO based control for spacecraft attitude stabilization are given in Section VI. Finally, a conclusion is made in Section VII.
II. MATHEMATICAL MODEL AND PROBLEM FORMULATION

A. NOTATION
To simplify expressions in the paper, the following notations are given first. |·| and · denote the absolute value of a scalar and Euclidean norm of a vector or a matrix, respectively. For vector v, its Euclidean norm is v = √ v T v; for matrix A = (a ij ) n×n , its Euclidean norm is A = ( ij a 2 ij ) 1/2 . In addition, I n and O m×n denote an identity matrix with dimensions of n × n and a zero matrix with dimensions of m × n, respectively. The operator (·) × maps a vector χ = [χ 1 , χ 2 , χ 3 ] T to a skew symmetric matrix as
B. SPACECRAFT ATTITUDE DYNAMICS
Let ω and modified Rodrigues parameter (MRP) σ denote angular velocity and attitude orientation of spacecraft with respect to the inertial frame respectively. Then, the attitude kinematics and dynamics of a flexible spacecraft can be summarized by [17] , [37] , [38] :
where J and u denote inertia matrix and control torque respectively; d e denotes the disturbances including space environmental disturbances, platform vibrations, and model uncertainties; δ and η denote the flexible coupling matrix and modal coordinate vector, respectively; K = diag(ζ 2 1 , · · · , ζ 2 n ) and C = diag(2ξ 1 ζ 1 , · · · , 2ξ 1 ζ n ) denote the stiffness matrix and the damping matrix, respectively; ζ i and ξ i , i = 1, 2, . . . , n, denote the natural frequency and associated damping, respectively;
For the convenience of controller design, all the disturbances and system uncertainties can be lumped into d as
Then the spacecraft dynamics can be simplified as
Since most of disturbances are periodic and their frequencies vary in a wide range, the lumped disturbance is characterized by high-order dynamics. Without loss of generality, an assumption of the lumped disturbance can be given as follows.
Assumption 1: The lumped disturbance d is continuous and with bounded derivatives such that d
In practice, the accurate information of attitude and angular velocity is often derived from the attitude determination system which depends on the measurements of attitude and angular velocity from vector attitude sensors and rate gyroscopes. Even so, there are still certain residual measurement noises in the obtained attitude σ m and angular velocity ω m [38] , [39] . Similar to [38] , they can be simply described by
where ν 1 and ν 2 are the residual measurement noises in σ m and ω m , respectively. It is reasonable to give an assumption for the measurement noises as follows.
Assumption 2: The measurement noises v 1 , v 2 and the derivatives of v 2 are bounded, such that
. . , r − 1, r > 0, δ v1 and δ v2 are positive constants.
C. PROBLEM FORMULATION
In order to achieve spacecraft attitude stabilization with high precision and stability, extended disturbance observer can be used to estimate the complex disturbances in the system. However, the measurement noise of the angular velocity may degrade the performance of observer owing to its high order and high bandwidth. The objective of the paper is to improve the design of EDO with the function of noise reduction so as to suppress the effect of the measurement noise on the estimation accuracy of the lumped disturbance and realize high performance attitude stabilization for spacecraft system (2), (3), and (4) under Assumptions 1 and 2.
III. REVIEW OF CONVENTIONAL HIGH-ORDER DISTURBANCE OBSERVERS
GESO, GPIO and EDO are conventional approaches to highorder disturbance estimation [20] , [40] - [44] , and will be reviewed with the applications to spacecraft in this section.
A. GESO
It is known that GPIO and GESO are classical state and disturbance observers with similar structure [40] - [44] . Hence, they are classified into one category here.
For the application of GESO to spacecraft, we may transform system (5) and (6) to the following form.
Because the nonlinear item concerning J −1 ω × Jω in (7) does not satisfy the global Lipschitz condition, the output embedding method in [46] could be adopted in the observer design by replacing the state ω in the nonlinear item with the measurement output y directly. Define
. Then, the GESO can be designed as follows.
whereω andẑ i are the estimates of ω and z i , i = 1, 2, . . . , r + 1, respectively; l i > 0, i = 1, 2, . . . , r + 1, are observer gains.
However, when replacing ω by y in the nonlinear item J −1 ω × Jω, the measurement noise in the output y is imported into the observer dynamics which makes the effect of measurement noise complicated [17] .
In many applications, linear GESO is usually applied in which the nonlinear dynamics is considered as part of the lumped disturbances attached to the linear plants, even they are characterized by strong nonlinearity [44] , [45] . Then, system (7) can be rewritten as
, · · · , and z r = J −1d (r−1) . Then, a linear GESO can be designed according to (9) as follows.
whereẑ 1 is the estimate of J −1d .
In GESO (10), the known model information concerning J −1 ω × Jω is estimated as part of the lumped disturbance. It means that the known model information is not fully utilized. As a result, the convergence process of the disturbance estimation dynamics would be affected by the reconstruction of the nonlinear dynamics which may limit the performance of GESO.
Apart from the problems arising from the nonlinear gyroscopic torque of the spacecraft dynamics, the measurable angular velocity is redundant estimated by observers in (8) and (10) . It may increase the computation cost of the control system [9] , [17] , [19] .
B. EDO
In addition to GESO, EDO can be applied to the spacecraft for high-order disturbance attenuation.
Under Assumption 1, we define
. Then, the lumped disturbance d can be described asż = Az+Bd (r) (11) where
According to (5), we have
Since d m can be expressed by (12) with the measurement of the angular velocity, it can be used as a virtual measurement of the disturbance d.
Then, a conventional EDO can be designed as follows [28] .
whereẑ is the estimate of z,ẑ
It is shown that, EDO does not redundantly estimate system states. Hence, the analysis of the disturbance estimation error dynamics is more convenient as the disturbance estimation error dynamics is decoupled from states [19] . And the model information of the spacecraft system could be fully utilized as well.
However, the estimation performance of EDO is seriously affected by the measurement noise which may be amplified by the gain matrix L according to (13) . The performance of EDO would be unsatisfactory when large bandwidth and high observer order are chosen.
C. ROBUST GESO
It is known that GESO with high order or large bandwidth is affected by the noisy measurement. Therefore, robust GESO is proposed [35] , [36] . It is based on an integral extension of the system and observer model. Similar to GESO (10), the nonlinear term is considered as part of the lumped disturbance. Define y 0 = t 0 y(τ )dτ . Then, the robust GESO can be designed as follows.
whereŷ 0 is the estimate of y 0 ; l i > 0, i = 0, 1, . . . , r + 1, are observer gains.
Evidently, there are same problems for robust GESO in (14) when dealing with the nonlinear item J −1 ω × Jω of the spacecraft model. Besides, the system states are also redundantly estimated.
D. DISCUSSIONS
As reviewed above, there are difficulties for GESO or GPIO design when dealing with the non-Lipschitz nonlinear term of spacecraft model. Besides, the measurable system states are redundantly estimated by GESO or GPIO. Whereas, EDO can estimates the disturbance without system states estimation using a reduced-order structure. And the nonlinear model information can be fully utilized by EDO.
However, EDO is seriously affected by the measurement noise. It was not fully considered in the past applications. Thus, it is necessary to design a disturbance observer that can not only suppress the effect of measurement noise but also inherit the advantages of EDO.
IV. NOISE REDUCTION EDO
As mentioned above, EDO is sensitive to the measurement noise. In order to deal with this problem, a noise reduction EDO is designed with an integral structure in this section.
A. NREDO DESIGN
In Section III, the lumped disturbance d m is treated as the virtual measurement of the extended disturbance system. However, the virtual measurement d m contains the differential of the measured value ω m which leads to a complicated EDO structure with auxiliary variable. To eliminate the differential of ω m , integrating (12) gives Since z 0 can be indirectly derived from (15) with the measurement of the angular velocity, it can be taken as the output of system (16) . Then, the output equation can be written as 
Since the pair (Ā,C) is observable, the rth-order NREDO can be designed asż
where L denotes the gain matrix to be chosen,ẑ denotes the estimate ofz.
Substituting (15), (17) and (20) into (19) yieldṡ
Therefore, the estimate of the disturbance can be obtained asd
Thus, the NREDO is given by (20) , (21) , and (22) . It is shown that NREDO is designed by utilizing the estimation error of the augmented state z 0 to update the observer estimates. As a result, most high frequency measurement noise in d m is filtered in NREDO compared with conventional EDO. Besides, the differential of the measured angular velocity is avoided in NREDO without auxiliary variable substitution. So the inclusion of the integral state simplifies the observer structure.
B. NREDO ANALYSIS
To analyze the effect of measurement noise on NREDO, the error dynamics of NREDO is given as follows.
Define estimation error asz i =z i −ẑ i , i = 0, 1, . . . , r − 1. Then, the error dynamics of NREDO can be calculated by subtracting (18) and (19) as follows.
Substituting (17) and (20) into (23) giveṡ
whereĀ 0 =Ā −LC. For the simplicity of gain tuning, a special case of the gain matrix L can be selected following [47] as below. (27) Then, the error dynamics of NREDO is analyzed as follows.
Letε i+1 =z i /ω i 0 , i = 0, 1, . . . , r − 1. Then (24) can be rewritten asε
where
Since A 1 is Hurwitz, one can always find a positive definite matrix P 1 such that P 1 A 1 +A T 1 P 1 = −I. Consider a candidate Lyapunov function V 1 =ε T P 1ε . Then, the time derivative of V 1 along (28) can be expressed aṡ
Under Assumptions 1 and 2, (29) followṡ
Thus, the decrease of V 1 drives the trajectory of the systems into a small neighborhood of the origin with proper choice of the bandwidth and observer order.
C. DISCUSSIONS
For comparison, the error dynamics of EDO can be given according to (11) and (13) Consider a Lyapunov function V 2 = ε T P 1 ε. Then, the derivative of V 2 along (32) can be expressed aṡ
According to (30) and (33), the upper bound of the convergence region depends on two parts related to the disturbance VOLUME 7, 2019 model uncertainty and measurement noise respectively. The measurement noise part is amplified by E in NREDO and
i is much larger than E = √ 3 when same observer order is selected, the measurement noise will cause heavier estimation performance degradation in EDO than in NREDO.
V. DISTURBANCE ESTIMATION ACCURACY OF EDO AND NREDO IN FREQUENCY DOMAIN
In this section, the disturbance estimation accuracy of EDO and NREDO in the presence of measurement noise is analyzed in frequency domain.
A. EDO
To investigate the disturbance estimation accuracy of EDO, (31) is transformed into the following form as
Hence, the differential equation concerningz 1 can be derived by eliminatingz 2 ,z 3 , . . . ,z r in (34) as
The Laplace transform of (35) For further analysis, the eigenvalues of the characteristic polynomial are all placed at −ω 0 following (27) . Therefore, the amplitude-frequency characteristics of G d (s) and G v (s) are given as
Then the amplitude-frequency characteristics of G d (s) and G v (s) can be analyzed separately according to the frequency content of disturbance and measurement noise.
When the frequency content of disturbance is far smaller than the bandwidth of EDO, i.e., ω ω 0 , (37) follows
where α = ω/ω 0 .
According to (39) , |G d (jω)| EDO decreases when larger ω 0 or r is selected. It can be concluded that EDO with larger bandwidth or higher order shows better attenuation to the model uncertainty of the disturbance in the absence of measurement noise.
For measurement noise satisfying ω ω 0 , it can be derived from (38) with the definition of β = ω 0 ω as
According to (40) , |G v (jω)| EDO is proportional to β. Since β= ω 0 ω 1, high frequency measurement noises can be suppressed by EDO to a certain extent.
B. NREDO
To analyze the disturbance estimation accuracy of NREDO, (24) is decomposed into the following form as
Then, the differential equation concerningz 1 can be derived by eliminatingz 0 ,z 2 ,z 3 , . . . ,z r−1 in (41) as
The Laplace transform of (42) under zero initial conditions can be arranged as
+· · ·+l r s r +l 1 s r−1 +· · ·+l r v(s) (43) All the eigenvalues of the characteristic polynomial are also placed at −ω 0 . Then the amplitude-frequency charac-
Then the disturbance attenuation and noise reduction performance of NREDO can be evaluated by (44) and (45), respectively.
For disturbance satisfying ω ω 0 , the following equation can be derived from (44) as
Similarly, NREDO with larger bandwidth or higher order shows better disturbance estimation performance in the absence of measurement noise.
For measurement noise satisfying ω ω 0 , the following equation can be derived from (45) as
In contrast to EDO, |G v (jω)| NREDO is proportional to β 2 . When ω ω 0 , β= ω 0 /ω 1, therefore |G v (jω)| NREDO is much smaller than |G v (jω)| EDO . It implies that the noise reduction performance of NREDO is much better than EDO when same observer order and bandwidth are selected.
C. COMPARISON OF EDO AND NREDO
Compare (39) with (46) and we have
Hence, NREDO shows degraded disturbance estimation performance than EDO of the same order. This is the sacrifice for better noise reduction performance as it is indicated below.
The noise reduction performance of NREDO and EDO are compared according to (40) and (47) by
It is shown that improved noise reduction performance can be obtained by NREDO than by EDO for measurement noise satisfying ω > (r − 1)ω 0 /2.
When the observer bandwidth ω 0 is fixed at 10 rad/s, the amplitude-frequency responses of transfer functions G d (s) and G v (s) according to (37) , (38) , (44) , and (45) are illustrated in Fig. 1 (a) and Fig. 1 (b) , respectively. As shown in Fig. 1 (a) , the attenuation performance for the lowfrequency disturbance improves when the observer order increases, which results in smaller disturbance estimation error. And EDO shows better disturbance attenuation performance than NREDO of the same order. It can be observed from the Fig. 1 (b) that the slopes of |G v (s)| EDO and |G v (s)| NREDO are −20dB/dec and −40dB/dec when ω ≥ ω 0 , respectively. It implies that the noise reduction performance of NREDO is remarkably improved compared with EDO of the same order.
As mentioned above, the disturbance estimation accuracy of NREDO is sacrificed to some extent for better noise reduction performance. While in practice, the estimation accuracy can be easily satisfied by properly choosing a bandwidth far larger than the frequency content of the disturbance. Meanwhile, due to the fact that the measurement noise is generally of high frequency, the NREDO could provide a better choice in the case that the disturbance is characterized by limited bandwidth while the influence of high frequency measurement noise is significant. 
VI. SIMULATION RESULTS
To evaluate the efficiency of the proposed method, the EDO based control scheme (EDOBC) and NREDO based control scheme (NREDOBC) are applied to the attitude stabilization of a flexible spacecraft. Simulations are conducted in the MATLAB/Simulink platform.
The controller is formulated by combining an EDO given by (13) or a NREDO given by (21) with a classical PD controller in [48] . Then we have
where k 1 , k 2 are the control gains. The disturbance estimated is obtained by EDO or NREDO. The control parameters are listed in Table 1 . Then EDOBC and NREDOBC are tested under the same conditions in the simulation.
The inertia matrix of the spacecraft and the coupling matrix are assumed as It is assumed that low-precision sensors are utilized in the attitude determination system. Similar to [38] , the measurement noises involved in the attitude and angular velocity value are assumed as v 1 = 4 × 10 The control performance of spacecraft attitude and angular velocity based on the EDO based controller are presented in Fig. 2 . The disturbance estimation performance and disturbance estimation error of EDO are given in Fig. 3 . And  Fig. 4 presents the trajectories of control torques of the EDO based controller.
Correspondingly, the spacecraft attitude control performance, the disturbance estimation performance and the control torques of NREDOBC are presented in Fig. 5, Fig. 6 , and Fig. 7 , respectively.
As shown in Fig. 2 and Fig. 5 , the attitude and angular velocity converge to small neighborhoods of zero with smooth transient response performance. The MRP variables are within 1.21 × 10 −7 in steady-state for EDOBC and NREDOBC. That indicates the disturbances are accurately estimated and adequately attenuated by the third-order EDO and the third-order NREDO. The disturbance estimation performance of them is sufficient for the given disturbance. Actually, the disturbance estimation performance can be hardly improved by just increasing the observer order of the EDO or NREDO, as most characters of the high-order disturbance in the attitude system have been well described by a third-order disturbance model [28] . Besides, a higher order observer is not convenient to apply in practical applications.
It is noted that NREDO shows improved noise reduction performance compared with EDO according to the simulation results. The standard deviation (STD) of σ , ω,d and root mean square (RMS) errors of u v which is the control torque chattering caused by the measurement noise obtained by the steady-state trajectories from 1000s to 1500s are listed in Table 2 . According to Fig. 3 (b) and Fig. 6 (b) , the disturbance estimation errors of EDO and NREDO are within 0.5Nm and 0.03Nm, respectively. According to Table 2 , the STD of the disturbance estimation error of EDO is more than an order of magnitude larger than that of NREDO. Obviously, less measurement noises are included in the disturbance estimate of NREDO. Consequently, the control torque chattering motion of NREDOBC is reduced to 5.2% of EDOBC as shown in Fig. 4, Fig. 7 , and Table 2 . Furthermore, the angular velocity stability of NREDOBC is improved by about an order of magnitude than that of EDOBC as shown in Table 2 . It implies that improved attitude stability can be achieved by NREDOBC compared with EDOBC. Besides, NREDO based controller can restrain the disturbance with less energy consumption and respond more smoothly under rough measurement environment. It is helpful for the actuators to keep healthy and endure the long-time space mission with limited resources.
In conclusion, the designed NREDO shows better noise reduction performance, and substantially the noise involved into the NREDO based controller is reduced significantly.
VII. CONCLUSION
In order to realize high stability attitude stabilization, a noise reduction EDO is designed for the spacecraft attitude control system. The NREDO is designed based on an augmented disturbance model in which the integral state of the virtual measurement of the lumped disturbance is introduced. The observer estimate is updated by the estimation error of the augmented state. Analysis in frequency domain indicates that NREDO shows enhanced high frequency noise reduction performance than EDO of the same order. Simulation results demonstrate that the attitude stability of the spacecraft subject to complex disturbances and measurement noise is improved under the NREDO based controller. Besides, the control torque output of the controller suffers less chattering. It will help to expand the service life of actuators and saving energy during the long-time mission of the spacecraft. In conclusion, the proposed NREDO not only shows improved noise reduction performance, but also inherits the advantages of EDO. Thus, NREDO based control scheme is suitable for the high stability spacecraft attitude stabilization system.
